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A summary is presented of the ways in which the concept of system loss and the closely 
related concepts of transmission loss, basic transmission loss, propagation loss, and path 
antenna gain may be used for precise, yet simple, descriptions of some of the characteristics 
of radio wave propagation which are important in the design of radio systems. Definitions 
of various terms associated with the concept of system loss are given which introduce a 
greater flexibility into its use without any loss in precision. It is shown that the use of ! hese 
added terms and concepts makes feasible the extension of the use of I his method of description 
to any portion of the radio spectrum. A more general formula for the system loss is given 
which may be used for antennas with an arbitrarily small separation. Using this formula it 
is shown that the system loss between small electric or magnetic di poles separated by a 
distance d« \ can be made arbitrarily small even though the individual antennas have 
large circuit losses. Formulas are developed for the percentage of time that a desired signal 
is free of interference, and these are used to demonstrate methods for t he efficient use of the 
spectrum. In particular, contrary to general belief, it is shown thai efficiency is promoted 
by the use of high power and high antennas and, in the case of a broadcast service, sufficiently 
small separations so that there is appreciable mutual interference. An analysis is made of 
the variance of the path antenna gain in ionospheric scatter propagation. Methods are 
given for the calculation of the transmission loss for the ground wave and tropospheric 
scatter modes of propagation through a turbulent model atmosphere with an exponential 
gradient. Examples of such calculations arc given which cover a wide range of frequencies 
and antenna heights. Finally, examples arc given of the expected range of various tropo- 
spheric point-to-point scalier systems such as an FM multichannel teletype system, a 
television relay or an KM broadcast relay. 



1. Introduction 

Although the idea of a radio circuit transmission 
loss had been in use by engineers concerned with the 
design of communication systems for many years 
prior to that time, it was in a paper by the author [1] 
in 1953 that its great advantages, particularly in 
connection with ionospheric or tropospheric scatter 
systems, were first explicitly pointed out. Since 
that time this concept lias been used extensively in 
(he radio propagation studies at the Central Radio 
Propagation. Laboratory and elsewhere, and a fairly 
large body of conventions has grown up around this 
usage. It is the purpose of this paper to describe 
the precise meaning attached to these conventions 
by the engineers at CRPL, with the hope that these 
usages will prove equally useful and will be adopted 
in other laboratories throughout the world. In 
addition, its use is illustrated by numerous examples 
throughout the usable portion of the radio spectrum 
ranging from 3 to 100,000,000 kc. 

2. Definitions of System Loss, Transmission 
Loss, Basic Transmission Loss, Path An- 
tenna Gain, and Path Antenna Power 
Gain 

The system- loss of a radio circuit consisting of a 
transmitting antenna, receiving antenna, and the 
intervening propagation medium is defined as the 
dimensionless ratio, p t /p a , where p t is the radio- 
frequency power input to the terminals of the 
transmitting antenna and p a is the resultant radio- 
frequency signal power available at the terminals of 



the receiving antenna. Both p t and p a are expressed 
in watts. The system loss is usually expressed in 
decibels: 



Z s =10lOg 10 ($tlPa)=Pt-Pa 



(I) 1 



Note that the system loss, as above defined, excludes 
any transmitting or receiving antenna transmission 
line losses since it is considered that- such losses are 
readily measurable. On the other hand, the system 
loss includes all of the losses in the transmitting and 
receiving antenna circuits, including not only the 
transmission loss due to radiation from the trans- 
mitting antenna and roradiation from the receiving 
antenna, hut also any ground losses, dielectric losses, 
antenna loading coil losses, terminating resistor 
losses in rhombic antennas, etc. The inclusion of all 
of the antenna circuit losses in the definition of sys- 
tem loss provides a quantity which can always be 
accurately measured and which is directly applicable 
to the solution of radio system design problems. 

For many applications, however, particularly in 
the study of radio wave propagation, it is convenient 
to have a definition of a system loss which excludes 
all of the antenna circuit losses except those associ- 
ated with the antenna radiation resistances; thus, 
the transmission loss of a radio circuit consisting of a 
transmitting antenna, receiving antenna, and the 
intervening propagation medium is defined as the 
dimensionless ratio, p't/p' a , where p' t is the radio- 
frequency power radiated from the transmitting 
antenna, and p' a is the resultant radiofrequency 
signal power which would be available from the 

1 Throughout this paper, capital letters arc used to denote the ratios, expressed 
in decibels, of the corresponding quantities designated with lower-case type; 
e.g., Pt = l0 logio pt is the input power to the transmitting antenna expressed in 
decibels above 1 w. 
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receiving antenna if there were no circuit losses other 
than those associated with its radiation resistance. 
The transmission loss is usually expressed in decibels: 



Z=10 \og l0 (p' t /Pa)=L s —L tc —L rc 



(2) 



where L tc and L TC are the losses, expressed in decibels, 
in the transmitting and receiving antenna circuits, 
respectively, excluding the losses associated with the 
antenna radiation resistances; i.e., 



and 



Z lo =10 log w (r' t /r t ) = 10 log 10 (l + A /o ) 
L rc =10 logio(/vAv) = 1.0 log 10 (l + A rc ), 



where r f is the actual resistive component of the 
antenna circuit, r is the radiation resistance, and the 
subscripts t and r refer to the transmitting and 
receiving antennas, respectively. 

In order to separate the effects of the transmitting 
and receiving antenna gains and circuit losses from 
the effects of the propagation, it is convenient to 
define the basic transmission loss, L b (sometimes 
called path loss) as the transmission loss expected 
between fictitious loss-free isotropic transmitting and 
receiving antennas at the same locations as the actual 
transmitting and receiving antennas. This serves 
also to define the path antenna directive gain, G p : 

G p = L b -L, (3) 

L b = L J rG p =L s -\ r G p —L tc —L rc . (4) 

In some cases it may be quite difficult to measure 
the antenna circuit losses; thus it is convenient to 
define the path antenna power gain, G vv , as 



G 7) 



-J^S (ifl Lilr. Ll TC . 



(5) 



It is seen that the path antenna power gain is the 
change in the system loss when loss-less isotropic 
antennas are used at the same locations as the actual 
antennas; note that G vv will be negative when the 
antenna circuit losses exceed the path antenna 
directive gain. Throughout the remainder of this 
paper the term path antenna gain and symbol G v 
are often used when a distinction between the direc- 
tive gain and the power gain is unnecessary. 

In some idealized situations the path antenna 
power gain, G pp , is simply the sum (G tv -\-G rv ) of the 
free space power gains G tp and G rp of the trans- 
mitting and receiving antennas relative to loss-less 
isotropic antennas. However, in most practical 
situations G pp is less than G t;) -\-G rp because of the 
complex nature of the received field. The path 
antenna power gain may be measured by deter- 
mining the increase in the system loss when both 
the transmitting and receiving antennas are replaced 
simultaneously by simple standard antennas such 
as short electric or magnetic dipoles, and then adding 
the calculated path antenna power gain correspond- 
ing to the use of the standard antennas. In the 
case of ionospheric or tropospheric scatter propaga- 
tion, the path antenna power gain is sometimes sub- 
stantially smaller than the sum of the free space 



power gains G tp and G rp . In such cases the path 
antenna power gain cannot be determined accurately 
as the sum of the effective power gains of the trans- 
mitting and receiving antennas (as determined by 
replacing first one antenna by a standard antenna 
and then the other antenna by a standard antenna) 
since such effective power gains depend upon the 
gain of the antenna used at the other terminal. 

In the case of ionospheric or tropospheric propaga- 
tion, the transmission loss L, the basic transmission 
loss L b , and the path antenna gain G p , are all random 
variables with respect to time and tend to be nor- 
mally distributed about their expected values. 
Furthermore, L and G p are typically negatively 
correlated with each other, and thus the variance 
of L b is usually substantially less than the sum of 
the variances of L and G v (see sec. 9) ; for this reason 
it will often be more practical simply to measure the 
transmission loss with the particular antennas in- 
tended for use rather than attempt to calculate the 
expected transmission loss and its variance with time 
in terms of the measured or calculated values of the 
basic transmission loss and the path antenna gain. 

Note also that the path antenna gain may actu- 
ally be negative. For example, the path antenna 
gain will usually be negative for ground wave or 
tropospheric wave propagation between a vertically 
polarized and a horizontally polarized antenna, and 
the concept of path antenna gain should prove to be 
useful for expressing the results of such cross polari- 
zation measurements. 

3. Transmission Loss in Free Space 

As an example of the simplicity of transmission 
loss calculations in some cases, we may consider the 
transmission loss between two isotropic antennas in 
free space. At a distance, d, very much greater 
than the wavelength, X, the field intensity, expressed 
in watts per square meter, is simply p/ /iird 2 since the 
power is radiated uniformly in all directions. Since 
the effective absorbing area of the receiving antenna 
is \ 2 /47r, the available power at the terminals of the 
loss-free isotropic receiving antenna is given by 



K = (\747t).(K/4^). 



(6) 



Consequently, the basic transmission loss in free 
space may be expressed 

L bf =10 log 10 (47rrf/X) 2 (free space; d»X). (7) 

Since the free space gain of a short electric loss-less 
dipole is g t =g r =1.5j the path antenna gain for two 
optimally oriented short electric loss-less dipoles in 
free space is 



G p =G t +G r =S.52 db. 



(8) 



Consequently, the transmission loss between two 
optimally oriented short electric loss-less dipoles in 
free space is 



i=10log 10 (47rrf/X) 2 -3.52. 



(9) 
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4. Influence of the Antenna Environment 
and Definition of Propagation Loss 

In order to illustrate the influence of changes in 

tin* impedances of the antennas caused by environ- 
mental factors which may, in part, be independent 
of the antenna circuit losses, we will consider the 
transmission loss between two short vertical electric 
loss-less dipoles at heights h t and h r , respectively, 
above a plane perfectly conducting surface and 
separated by a distance, d, along the surface large 
with respect to the wavelength. Although we will 
treat here in detail only the case of antennas over 
a perfectly conducting plane, the concepts are 
identical in the case of any other environmental 
conditions and only the magnitudes of the effects 
will be different. In free space the field strength e, 
expressed in volts per meter at a distance d, ex- 
pressed in meters, in the equatorial plane of a short 
electric loss-less dipole radiating //, watts is given by 






i.5p; 



(10) 



where r) = 4 ire • 10 ~ 7 = impedance of free space ex- 
pressed in ohms, and c=2.997925-10 8 m/sec= 
velocity of light in free space. Note that the factor 
(1.5) is just the free space 4 gain of the transmitting 
dipole antenna. The radiation resistance of a short 
vertical elect ric dipole of effective length / and at a 
height h, above a perfectly conducting plane is 
given by 



27T77Q/ 2 

3X 2 



[1+A,]=77[1+AJ, 



A t=~ 



* 



sin (2k h t ) 



(2M,) 2 L 2Jt^ 



-cos (2ft AJ|- 



(11) 



(15 



In the above k =2ir/\=2w f/c } i.e., X is the wavelength 

in free space. Note that A, approaches zero at 
large heights above the surface and r approaches 
its free space value, r f . On the other hand, A,= l 
for h t =0, and the radiation resistance is then just 
twice its free space value. The field intensity ex- 
pressed in watts per square meter for a short vertical 
electric loss-less dipole over the perfectly conducting 
surface may be expressed 



Vo 



1.5p' t [2coshp cos (kh t sim//)] 2 
4*ri 2 [l+Aj 



(13) 



In the above expression tan \l/=h r /d and the distance 
d along the surface must be large with respect to 
both X and h t ; in this case the distance between the 
antennas is approximately rf/cos \p. Equations (11), 
(12), and (13) were derived by SchclkunofT in chap- 
ters VI and IX of [2], Since A,= l for ^=0, the 
field intensity is 3 db greater when ^=0 and the 
dipole is on the surface of a perfectly conducting; 
plane (i.e., e 2 /rj =Sp , t /4Trd 2 ) than when it is in five 
space; note that in i'wv space (10) must be used 



rather than (13), since the ground reflection influ- 
ences the radiation for all values of h ,. In more 
familiar units, when h t =h r =0, (13) may be expressed 



e(fjLv/m)=2.9989Q2.10\p' t (kw)/d(km). (14) 

The effective absorbing area of a short vertical 
electric loss-less dipole receiving antenna at a height 
h r above the perfectly conducting plane may be 
expressed 



a e - 



1.5X 2 cosV 

= 47r[l+A r ] ' 



(15) 



where A r is defined by (12) with h t replaced by h r . 
Since p't = e 2 a e /r) we find by combining (13) and (15) 
that the transmission loss between two short vertical 
electric loss-less dipoles at heights h t and h r above a 
plane perfectly conducting surface may be expressed 



L^lOlog 



I0 \(1.5) 2 



'/\cos^] 2 [l+A,][l+A r ] 



[2 cosV cos (khi sin \p)} 2 



} 



(16) 



L s =L=L bf -G p -G.02+A+L t 

+LrmL p +L t +L r , (17) 

whereZ lir =10lofo [l+A lff ],(? f a20log 1 o[(3/2)coBV; 

and A^—20 log in [cos (kh t sin ^)j. Note that 
L S =L in this case since there are no losses other 
than radiation losses. The factor L t is shown 
graphically as a function of (h/\) in figure 1. It is of 
interest to note that the transmission loss between 
the dipoles on the plane perfectly conducting sur- 
face, h t =h r =Q, is the same as if the dipoles were 
separated by the same distance in U'oc space, al- 
though the field intensity is 3 db greater' for the 
same power radiated. On the other hand, when the 
dipoles are several wavelengths above the perfectly 
reflecting surface (h t =h r ^>^>\) and are separated 
by a large distance (i/^O), the transmission loss is 
6.02 db less than for dipoles separated by the same 
distance in free space. Equation (17) illustrates the 
definition of L p , the propagation loss, i.e., the trans- 
mission loss expected if the antennas had gains and 
circuit resistances the same as if they were in free 
space. More generally, L t and L r are defined as 



Z lir = 10 1og 10 (r'/r f ), 



(18) 



where r' is the actual resistance of the antenna in 
the presence of its environment and r f is the radia- 
tion resistance it would have had if it were in free 
space. When we note that L t and L r may vary 
substantially from one antenna installation to the 
next, depending upon the circuit losses, polariza- 
tion, ground conditions, whether or not a ground 
screen is used, and upon other environmental factors 
such as the presence of trees or overhead wires, it 
becomes clear why it is desirable to separate these 
components from the system loss and to have a 
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Figure 1. Transmission loss arising from a change in the 
radiation resistance of short dipole antennas near a perfectly- 
conducting surface. 



propagation loss, L p , independent of these antenna 
environmental conditions. 



-L/p — -Lt s -L t 1^ T 



(19) 



The above is not the onh^ logically consistent 
method of describing the gains and losses of antennas 
in the presence of an environment. Thus Schel- 
kunoff [2] considered the perfectly reflecting surface 
to be an integral part of the transmitting and re- 
ceiving antennas, and set 6^=10 log 10 {3/[l+Ad} 
and G>,= 10 log 10 {3/[l+A r ]} where the subscript s 
refers to Schelkunoff's usage. In other words, he 
referred his maximum gains to those expected for 
isotropic antennas with the earth removed; this 
leads to a path antenna gain, referred to that ex- 
pected between isotropic antennas with the earth 
removed, given by G ps = G p + 6.Q2 — L t — L r — A, and 
his tranmission loss is then simply L=L bf —G ps . 
However, this method of approach is not recommended 
since (a) it is impracticable to remove the earth in 
order to measure G ps and (b) it would lead to antenna 
gains 3 db larger than their free space values even 
when they are many wavelengths above a perfectly 
reflecting plane surface, and this is inconsistent with 
the present usage of the concept of antenna gain in 
the higher frequency ranges. 



Although it appears to be desirable to separate the 
effects of earth reflections and sometimes other 
environmental effects from the gains of the antennas 
by means of the propagation loss concept described 
earlier, there will be other situations in which such a 
separation of environmental effects is undesirable. 
For example, the power gain of an antenna mounted 
on an aircraft, satellite, or space vehicle should be 
considered as the gain which would be determined 
by comparison of the fields obtained in various direc- 
tions as the vehicle is rotated in free space with those 
obtained from a standard antenna with the vehicle 
removed; i.e., in these cases the vehicle is to be con- 
sidered an integral part of the antenna. 

Suppose now that we use small loop antennas of 
area S, with their axes normal to the plane of propaga- 
tion, parallel to the perfectly conducting surface and 
at heights h t and h r , respectively. In this case the 
electric vector lies in the horizontal plane and the 
radiation resistance is [2] 



r = 



8ttV?2 
3X 4 



[1+A r ']=r m/ [1+A;]. 



(20) 



The subscript m refers to the magnetic dipole, and 
the prime to the effect of the surface. 



^-woK'-jab) 



sin (2khr) , cos (2kh r ) 



2kh r 

X 2 (3/2) 



+ 



(2H, 



khr)l 



e 4tt[1+A;] 

(£=20 log 10 [3/2] = 3.52, 

.4' = -20 logi [cos ikh t sin £)], 

£J.r=ioiog 10 [i+A; ir ]. 



(21) 

(22) 

(23) 
(24) 
(25) 



The factor L' tr is also shown graphically on figure 1. 
Note that A^ approaches zero at large heights and 
L\' r = l for h T =Q. 

Consider next the tranmission loss between two 
small loop antennas at heights h t and h r , respectively, 
above a perfectly conducting surface with their 
axes normal to this surface. In this case the electric 
vector lies in the horizontal plane and the radiation 
resistance is [2] 



*-**£ n-4. 



r[l-A], 



(?;'=20 log 10 [(3/2) cosV], 
A" =-20 log 10 [sm (kh a sin >!>)], 
£',.',= 10 log 10 [l-A ( , r ]. 



(26) 

(27) 
(28) 
(29) 



The factor L' t [ r is also shown as a function of (h/\) 
on figure 1. 

Finally, consider the transmission loss between 
two short horizontal electric dipoles of effective 
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length /, normal to the plane <>f propagation and at 
heights h , and h r . respectively, above a perfectly 



conducting plane surface 

,,,_27T7J( I / 2 



In this case [2], 



:5X 2 



[1-A']=r,[l-A'j, 



£7 = 20 log 10 (3/2) = 3.52, 
A"'= -20 log 10 [sin (kh a sin *)], 

z;:;=ioiog 10 [i-A;, r ]. 



(30) 



(31) 

(32) 
(33) 



The factor L' t '/ T is also shown graphically on figure 1. 
Note that L'" and Z" both approach (— °°) as h 
approaches zero, but the radiation resistance simul- 
taneously approaches zero, and it would be difficult 
in practice to keep the radiated power constant as the 
antennas are brought nearer and nearer to the sur- 
face. When h t and h r are both much less than a 
wavelength, A"+L"+L" for horizontal loops be- 
comes independent of these heights and equal to 
20 log 10 (kdll0).; similarly A"-'+L" t '+L" r ' for hori- 
zontal electric dipoles approaches 20 log 10 (M/5) for 
h , and h r much less than a wayelength. 

All of the above specific results refer to the ease 
of a perfectly conducting plane surface and to dis- 
tances d^>\. For a finitely conducting ground, 
the attenuation A in the above expressions will be 
substantially modified. For example, for vertical 
electric dipoles over a flat earth of finite conduc- 
tivity and with h t = h r =0, 

A= -20 logJl-n'T^ exp (-;/) erfc {iyfp) \ (34) 

Here /; denotes Sommerfeld's numerical distance as 
defined for a time factor exp (-\-i<at). In reference [3] 
a comprehensive discussion is given of the radiation 
fields of electric and magnetic dipoles over a finitely 
conducting plane earth; in this reference a time fac- 
tor exp(— loot) was used, but in the present paper 
exp(-\-icat) is used in order to conform with current 
engineering practice. Furthermore, A and A' will be 
modified when the antennas are located over a finite 
ground [4, 5, 6, 7], but this difference will largely be 
cancelled if a large ground screen is used under the 
antennas. Although (26) indicates that r^ ap- 
proaches zero as the vertical magnetic dipoles 
approach the perfectly conducting surface, Wait [4] 
has shown that r^ actually becomes very large when 
such loops are brought near a finitely conducting 
ground. 

5. Relation Between Propagation Loss, L Pl 
and Field Strength, E 

The results of many previous studies of radio wave 
propagation in the low and medium frequency range 
have been expressed in terms of the field strength E ) 
expressed in decibels above 1 juv/m for an unatt (fi- 
liated field /, at a unit distance, i.e., to the radiation 



field expected at a unit distance on a perfectly con- 
ducting plane surface. It is convenient to express / 
in decibels above 1 v, e.g., 1 v/m at 1 m. We will 
relate such values to the propagation loss, L v . 

In free space the inverse distance field I f may be 
obtained from (10); when we note thatP/=P,— L t , 

7,= 10 log 10 (Pt'c-l0- 7 g t )=P t -L t +G i + 14.77. (35) 

Over a perfectly conducting ground plane the inverse 
distance field I, may be obtained from (13): 



I=P t -L t + <?,+20.79. 



(36) 



The relation between the available power, p a , from 
the receiving antenna and the field strength, e, may 
be expressed in decibels as follows: 

E=10\og 1Q (4TT, p a [r'/r f ].10 12 /\ 2 9r) 

=P a +20 log 10 / M c- G r +L r + 107.22. (37) 

If we solve (36) for P t and (37) for P a and combine 
the results, we obtain the following expression: 

L s =P t -P a =I-E T -G p +20\og 10 fMc+86AZ+L t +L r 

(38) 

In the literature Eh sometimes referred to an inverse 
distance field of 300 v, i.e., 3X10 5 juv/m at 1 km 
(i.e., by (14) to 1 kw radiated from a short vertical 
electric dipole on a perfectly conducting plane sur- 
face) and in this case 7=49.54 db so that 



L P =L 8 -L -Z r =135.97-^+20log ]0 /Mc-£/= 



(39) 



In the higher frequency ranges, however, E is 
usually referred to an inverse distance field in free 
space of 222 v (i.e., by (35) to 1 kw radiated from 
a, half wave dipole in free space) and in this case 
7y=46.92 db; if we now solve (36) for P t — L t , solve 
(37) for P a -\-L r , we obtain the following relation: 

L p =P-L-P a -L r =l\W.:tf-G p 

+ 20 logxo/Mc-^48.92 (39a) 

One of the important advantages of expressing propa- 
gation results in terms of the propagation loss L p 
rather than in terms of E is the fact that L p is 
dimensionless and so does not require a specification 
of the reference inverse distance field or of the 
radiated power. 

6. System Loss, Transmission Loss, Propaga- 
tion Loss, and Relative Phase of Currents 
in Two Antennas Expressed in Terms of 
Their Self and Mutual Impedances 

All of the preceding analyses are limited to the 
case where the antennas are sufficiently far apart 
(d^>\) so that the magnitude of their mutual im- 
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pedance is small compared to the self resistances of 
each of the antennas. In this section a completely 
general expression will be obtained for the system, 
loss. It is convenient to use the T-network of figure 2 
to represent the impedances of the antennas. The 
accessible terminals of the transmitting antenna a 
and of the receiving antenna b are denoted by AA 
and BB, respectively. The central member of the 
T is the mutual impedance z m between the two an- 
tennas while z a and z b are the self-impedances of the 
two antennas; thus the impedance at the terminals 
AA, with BB open circuited, is z a while the imped- 
ance at the terminals BB, with AA open circuited, 

IS Z b . 



/\ L a L m 
— o wws, — 



z b z m 

WAAr- 



z S = r S +lx S > z in 



z m * r m + ' * m 



z out £ z f- r / +l V 



Figure 2. T-network for system loss analysis. 

Let Zi indicate the receiving antenna load impedance 
at BB. From figure 2 it is easy to show that the 
impedance z in at A A is given by 



(40) 



Since there are no source voltages in the mesh in 
which the current i b is flowing, we may write 



ib(Zb+Zl)+iaZm=0. 



(41) 



The above relation provides a means for determining 
the relative magnitude and phase of the current i b in 
antenna b relative to the magnitude and phase of 
the current i a in antenna a. The fact that i a and 
i b have the same direction of flow through 'z m may 
be established by considering the limiting case as 
the spacing between the two antennas approaches 
zero. The ratio of the power |i|| Re z in from the 
source to the power \i\\ Re z x delivered to the load 
may now be expressed 



Re z in Re z* 



\H\ 



Re Zi Re z t 



z b +z 



(42) 



Note that the maximum power will be delivered to 
the load, i.e., the above ratio will be minimized for a 
constant power input to the transmitting antenna, 
when the load impedance z t is adjusted so that it is 
equal to the complex conjugate z* nt of the output 



impedance 



ll(z a -\-z s ) where z s is the im- 



pedance of the source. In this case i b Re z x is equal 
to the available power from the receiving antenna 
and the system loss is equal to 



= 10 lOgi 



■B 



Zb + Z, 



* 12 
out I 



\z»+ 



z* I 2 



Re z n 



\z b +z* nt \ cos(2d>-ey 

Re z out 



(43) 



where r' a and r b denote the real parts of the an- 
tenna self impedances z a and z b , z m =\z m \ exp(?<£) 
and (z b + z * ut ) = 2r' b — [zSiKz a + z s )]* = \z b +z^ t \ exp(?'0). 
Equation (43) is the most general expression for the 
system loss; this same equation may be used for 
calculating the transmission loss L simply by replac- 
ing the actual antenna resistances r' a and r b by the 
radiation resistances r a and r b ; furthermore, (43) 
gives the propagation loss L v if we replace r' a and 
r' b by the radiation resistances r fa and r fb which the 
antennas would have if they were located in free 
space. 

Note now that 2 ut= z b provided |^|^N&|-|^a+^| 
and this will be the case (a) at large distances 
or (b) even at short distances if the source impedance 
z s is sufficiently large; in this case z i =z* VLt ^zl. 
Note that this same relation Zi = z b would apply in 
case the load impedance were matched to the re- 
ceiving antenna impedance with the terminals of 
the transmitting antenna open or with the trans- 
mitting antenna at a sufficiently large distance so 
that it has a negligible effect on z ont . In this special 
case (41) and (43) become 



h\Zi — z b ) — t a — £ , 



(44) 



L f (2,=«» = lOlog lo /^-2coB(20)y (45) 

It will be of interest to illustrate the use of (45) 
by means of two simple examples. We will consider 
first the system loss between two short electric di- 
poles, each perpendicular to the line joining their 
centers, and separated by a distance d in free space. 
It may be shown [2] that the mutual impedance z m 
between the dipoles of effective lengths l a and l b , 
which are each much shorter than a wavelength, is 
given by 



Zm 



l^n^]^-^ 



exp (i<t>) . 

(46) 



Here kd=2w d/\. The antenna self resistances are 
given by 

r:=2irW2(l +A, C )/3X 2 , (47) 



r;=27rr 7o ^ 2 (l+A rc )/3X 2 . 



(48) 



The factors (1 + A /C ) and (1 + A rc ) in (47) and (48) 
allow for the circuit losses. 



|2 T IO L a i b 



4XV/ 2 



{k-j&y+ih}* (49) 
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^-M-tan-{i/(l-^)}, (50) 
{2kd) i (l+A te ) d+A„) 



L, (z«=2?) = 10 log 1( 



}^{( l ~m) + lk} 



-2 cos (20) 



(51) 



When the distance d^>\, the second term in (51) 
is negligible compared with the first term and (51) 
approaches (9)+X, c -f£ rc as expected. At the other 
extreme when e/<CA, the first term in (51) is negli- 
gible compared to the second term, approaches 
tt/2 and L s (z l =zt) = 10 log 10 2 = 3.01 db. Thus, in 
tins case, half of the power from the source is avail- 
able in the load resistance. The above formulation 
of the transmission loss problem in terms of the 
antenna self and mutual impedances is dire to 
Wait [8] and (51) is similar to the solution Wait 
obtained in appendix II of bis paper for two vertical 
dipoles on a flat perfectly-conducting ground plane. 
The transmission loss may be obtained from (51) 
if we set A rc =A rc =0 and we find that L{zi=zf) 
between short dipoles is then dependent only on kd. 
Figure 3 gives the transmission loss versus (d/X) for 
this special case, and the system loss for the ease 
(1H-A <c ) = (l+A rc )=2. By the same method used 
for deriving (51) it may be shown that it applies 
also to small magnetic dipoles, i.e., to two small loop 
antennas with the planes of each Loop lying in the 
same plane. 
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Figure 3. System loss and transmission loss between small 
electric or magnetic dipoles in free space. 



Consider next two short electric colinear dipoles 
separated by a distance 1 d in free space. In this ease, 



\z r — 



Virgil /-. | 1 \ / r9 x 

(53) 



0=~M+tan- 1 (kd) 



L s (z l =zt) = 10 log 1( 



-4kW(l+A te )(l+A rc ) 



9 



\ 1+ k 2 d 2 J 

—2 cos (20) 



(54) 



Figure 3 also shows the transmission loss, as given 
by (54) with A tc =A rc =0, as well as the system loss 
for the case (1+A, C ) = (l+A /r ) =2, between short 
electric colinear dipoles; (54) also applies to small 
colinear magnetic dipoles, i.e., small loop antennas 
wit h their axes colinear. 

Equation (45) and consequently (51) and (54) are 
not very realistic expressions for the system loss 
when the distance (<7/A) is small since they are 
strictly applicable; i.e., the power delivered to the 
load is the available power, only if :,. increases 
without limit as (d/X) decreases. One other ex- 
ample will be used to illustrate the problem. Thus 
we will assume that the impedance of the source is 
matched to the transmitting antenna input imped- 
ance: z s =z& while the impedance of the load \ssimvl- 
taneously matched to the receiving antenna output 
impedance: Zi=Z$ ut . In this case we may eliminate zf 
from the two equations: z t =z*— (zl^Vizt+zf) and 
zf=z a — (zl^Kzi+Zb), and in this way find the follow- 
ing expression for Zi=r t +izii 



*i=r'A ] 



K\ cos (20) 



r„r h 



\zl\ sin 2 (20) y/* 



4/ 2/2 



—ix b +ir' b < ' 



2r' a r b 



n (20n 



(55) 



We may determine z s =r s -{-ix s from (55) simply by 
interchanging r a and r' b and x a with x b . The. system 
loss for this case may now be determined by intro- 
ducing the above expressions in (42) : 

T ( 7 __~*.~ —?* \_inl n() . ~' r aV'b + r l) 

■L'sK&s ^iiD^l ^outj 1U 1U gl() 

L \2k\ 

-cos (20)1. (56) 



The above is the general expression for the system 
loss when the source is matched to the input imped- 
ance 2i n and the load is simultaneously matched to 
the output impedance z out . This is, of course, the 
most favorable condition for the transfer of power 
from the source to the load. Equations (55) and 
(56) are applicable to ar^ kind of antennas and we 
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see that the system loss depends only on the self 
resistances r a and r b of the two antennas and their 
mutual impedance z m = \\ z m || exp (14). 

When rf^>\, Ti approaches r b and (56) approaches 
(45) since the second terms in (45) and in (56) 
are negligible compared to the first terms; thus 
we conclude that the system loss does not depend 
upon the condition of matching of the source to the 
input impedance when d is sufficiently large so that 

1 41 <*■;*•;. 

The behavior of (55) and (56) when rf<0 will de- 
pend markedly upon the particular characteristics 
of the antennas involved. At such short spacings 
one would normally be interested only in antennas 
with dimensions small with respect to their spacing 
and thus small with respect to the wavelength; thus, 
when <i<CA, we are led to consider the special case of 
short electric or small magnetic dipoles. When (47) , 
(48), (49), and (50) are used in conjunction with 
(55) and (56) we find that the system loss, L s (z s = z* n ] 
2z=2out)j approaches zero when gMc\, i.e., when (led) 6 
«C(?{ 6 )/{(1 + A^)(l + A rc )}, even if r a and r b are very 
large with respect to their radiation resistance com- 
ponents; see figure 3 for a graph of the transmission 
loss and for the system loss with (1+Aj c ) = (l+A rc ) 
= 2 for this type of impedance matching. A system 
with near zero loss is very remarkable, but may be 
understood when we note that (ri/r' b ) and (rjr'a) both 
increase in this case without limit as ^approaches zero; 
thus the power from the source i\r s is much larger than 
the power i 2 a r' a dissipated in the transmitting an- 
tenna while simultaneously the power i|r z delivered 
to the load is very much larger than the power i 2 b r b 
dissipated in the receiving antenna. Although the 
system loss is nearly equal to zero, only about half 
(actually a fraction [r b l{r' a -\-r b )\) of the power is 
available in the load while the remaining fraction 
[r'J{r' a +r£)] is dissipated in the impedance of the 
source. 

It might appear that a very efficient short range 
communication system could be developed based 
on the above analysis by using sufficiently low fre- 
quencies that \^>d; note that the signal-to-noise 
ratio should be quite favorable since the small 
antennas used would pick up very little noise power, 
and this small noise power would be in competition 
essentially with the large power directly available 
from the source. Note also that this communication 
system would create very little interference since the 
power radiated i 2 a r a -\-i 2 b r b is much smaller than the 
power %%r 2 i delivered to the load. However, the dis- 
tance out to which the system loss is less than 3db 
for such a system is quite small as may be seen from 
the following equation which applies when r a ^>r a 
and r b ^>r b \ 

If we assume that the antennas are grounded vertical 
radiators and substitute (11) with A,= l for r a and 
r b in (57), we obtain 



d(I.=3db) = 1.68X 1 / 8 Zi /8 ZJ /8 /(r>;) 1 / fl 



m 



If we assume X= 100,000 m (f=3 kc),Z tt =Z & =100 m, 
i.e., with actual heights without top loading equal to 
200 m, and r' a = r b = 10 ohms, then d(L s = 3 db) = 
781 m; since very good ground systems would be 
required to reduce r' a and r' b to only 10 ohms, it 
appears that such a system has little promise. This 
statement should not be interpreted to mean that 
low frequencies are not useful for short range com- 
munication systems, but merely that such systems 
with less than 3-db system loss will have a very 
limited range of operation. The propagation losses 
encountered at low and medium frequencies are dis- 
cussed in a recent paper by the author [32]. 

Finally it is of interest to examine briefly the be- 
havior of the system loss at short spacings (d<^\) 
when the antennas have dimensions which are com- 
parable to the wavelength and thus large with 
respect to their spacing. For this analysis it will be 
more convenient to express (55) in the following 
form: 



-■■■{('-m^my- 



lXjy+% 



'm**m 



(59) 



If it is assumed that the transmitting and receiving 
antennas are each dipoles (either electric or magnetic) 
with idential dimensions (comparable to the wave- 
length) and identical orientations, than as d ap- 
proaches zero, r m approaches the antenna self re- 
sistances r' a =r b . Since the antennas are large, they 
may have small reactances and large resistances 
(e.g., half -wave dipoles in free space); in this case 
the load resistance r x and the source resistance r s 
will both be very small and, since </> is now also very 
small, the system loss will by (56) still be approx- 
imately equal to zero. In this case again the power 
delivered to the load is much larger than the power 
radiated. This unusual situation may be under- 
stood when it is noted that i b ^—i a so that the net 
power radiated from two such closely spaced an- 
tennas is approximately proportional to (^ a +i&) 2 and 
thus extremely small. It is, of course, well known 
that it is difficult to radiate much power from a 
directional antenna consisting of a pair of closely 
spaced elements with the currents in the two 
elements out of phase. 

7. Variations of the System Loss with Time 

The instantaneous signal power available on long 
circuits involving transmission through the iono- 
sphere or troposphere will vary with time (i.e., fade) 
due, in part, to phase interference between the com- 
ponents arriving along various transmission paths. 
Over short periods of time, during which transmission 
conditions may be regarded as constant, the instan- 
taneous available power may, in some cases, be re- 
garded as distributed in a Rayleigh distribution, to a 
good approximation. This distribution may be 
expressed 



60 



Q(lC>y)=exp i—ylva), 



(60) 



where p a is the instantaneous available power, p a is 
the average power and Q is the probability that the 
instantaneous power exceeds some given value //. 
A discussion of the physical conditions under which 
the Rayleigh distribution may be expected to apply, 
together with an extension to the case in which a 
large nonfading component of power is present at 
the receiver terminals, is given in a recent paper by 
Norton, Vogler, Mansfield, and Short [9]. 

It has been found experimentally that p a varies 
relatively slowly with time, and it is customary to 
( let ermine the hourly median values p h which, by (60) , 
arc related to p a by p h = (log e 2)Pa> It has been 
determined experimentally that the hourly median 
values, p h , for ionospheric or tropospheric propaga- 
tion at a given time of day and a given season of the 
year are log-normally distributed [10, 11, 12]. It 
follows from this that the hourly median system loss 
is normally distributed with a standard deviation 
which may be expressed in decibels. For example, 
if the distribution of the 30 daily values of the 
hourly median transmission loss for 8 to 9 p.m. in 
June is studied, it is found that these values will 
appear to be a sample from a normal distribution of 
such values. Thus a reasonably satisfactory de- 
scription of the expected distribution of the hourly 
median (or average) transmission loss for a specified 
time of day and season of the year can be given in 
terms of the two parameters, the median (of the 
hourly medians from day to day) and the standard 
deviation (of these hourly medians), both expressed 
in decibels. 

8. Percentage of Time That a Desired Signal 
is Free of Interference 

The effective range of a radio system is determined 
when the desired signal becomes so weak that it is 
obscured by the presence of noise or of other types 
of interference for too large a percentage of time. 
Consider first the effect of noise. This is most readily 
determined by means of a generalization [13] of 
FrhV definition [14] of the noise figure of a radio 
receiver. Consider the network of figure 4. It is 
convenient to compare the desired signal power with 
the noise power in network (a), i.e., in the loss-free 
receiving antenna. Let p n denote the average 
external noise power and set 



Pn=fak B tb (watts) 



(61) 



where k B is Boltzmann's constant and is equal to 
1.38X10 -23 , t is the absolute temperature in degrees 
Kelvin, and b is the effective bandwidth in cycles 
per second as defined by Friis [14]. Thus (61) 
effectively defines the noise figure f a of network (a). 
Network (c) has a noise figure f c =r'/r which is 
simply the loss factor of the receiving antenna 
circuit. Similarly the transmission line loss is 
equivalent to a noise figure f t which is the ratio of 
the power in-and-out of the line. Finally we may 
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Figure 4. Network defining the effective receiver noise figure 
including the effects of external noise. 

denote the noise figure of the receiver itself by f r . 
Using Friis' method for combining the noise figures of 
several networks in tendem, we obtain for the effec- 
tive noise figure at the input to the loss-free receiving 
antenna 

f=fa-l+fcftfr. (62) 

Finally, if we write r n for the minimum signal-to- 
noise power ratio which will provide a given grade of 
reception, e.g., teletype reception with an 0.01 per- 
cent binary error rate, then the minimum signal 
power available at the terminals of the receiving 
antenna which will provide this grade of reception 
may be expressed 



Pm=r n fk B tb (watts). 
Expressed in decibels (63) becomes 

P m =R n +F+B-204, 



(63) 



(64) 



where R n =10 log 10 r„, 7^=10 log 10 /, 5=10 log 10 6, and 
10 logio (k B t) = — 204 if w T e use a reference temper- 
ature t= 288.48° K. 
The power V ta radiated from the transmitting 

antenna of a desired station at a which is required 
for a specified grade of reception by a receiver at b 
with a given transmission loss L ab may now be 
expressed 

P' ta =L ab +P mb =L ab +R n +F b +B-204: (65) 

If the signal has a well-defined short term fading 
characteristic, e.g., representable by the distribution 
corresponding to that of a constant component plus 
a Rayleigh-distributed component [9], it is custo- 
mary to generalize R n to be the minimum median- 
signal to median-noise ratio required for a specified 
grade of reception of such a fading signal. In this 
case (65) gives the required radiated power if L at> 
and F b in (65) are considered to be hourly median 
values or, more generally, median values over a 
sufficiently short period of time that the short term 
variations of the signal and the noise each have the 
characteristics specified in determining R n . In 
order to allow for the long-term fading character- 
istic, we recall that the hourly median values of 
the transmission loss at a specific time of day, season 
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of the year, and period in the sunspot cycle, tend 
to be normally distributed about their long-term 
median value L mab with a standard deviation a Lab . 
Now let \(x) denote a standard normal deviate and 
x the probability that a randomly chosen normally 
distributed variable with unit standard deviation 
will not exceed \(x): 



J2ttJ 



exp (-y 2 /2)dy. 



(66) 



Note that \(x) varies from — °o to + co as x varies 
from to 1 and that X(0.5)=0. Now we may ex- 
press the value of the hourly median transmission 
loss not exceeded with probability x by 



L ab (x) = L mab +a Lab X(;r). 



(67) 



Similarly F b tends to be normally distributed about 
its long-term median value F m6 with a standard 
deviation a Fb : 



F b (x) = F mb + a Fb \(x). 



(68) 



Equations (67) and (68) are not valid in the limit as 
x approaches zero since L ab and F b are inherently 
positive, but this restriction is unimportant in 
practical applications. The random variables L ab 
and F b may be correlated (usually negatively) with 
correlation coefficient p abn since diurnal, seasonal, 
and secular variations in propagation conditions 
sometimes cause L ab to decrease at the same time 
that they cause F b to increase. Now the above 
results may be combined and the following relation 
determined by standard statistical methods: 

((TLb + ^h + ^Pabn^Lab<rFb) 1/2 HOMqabn)==Pm(^abn) 

-R n -L mab -F mb -B + 204. (69) 

in the above, q abn is the percentage of hours during 
which the specified (or better) grade of reception of 
the signals from station a is possible at station b 
when noise is the only source of interference. Note 
that q abn , varies from to 100 percent as the right 
hand side of (69) varies from -co to + oo . When 
P r ta(q.abn) is fixed, (69) may be solved for q abn ; 
alternatively, by fixing q abn , it is possible to solve 
(69) for the transmitter power P' ta (qabn) required 
to provide the specified (or better) grade of service 
for q abn percent of the hours at a given time of day, 
season of the year, and period of the sunspot cycle. 
For example, if service is required for q abn =99 
percent of the hours, we find from tables of the stand- 
ard normal deviate [15] that X(0.99) =2.326 and 
thus 2.326(a 2 Lab J r cr F b+2pabn<rLab0Fb) 1/2 db more power 
is required than would be required for q abn =50 per- 
cent of the hours since X(0.5) = 0. If L mabj a Lab , 
F m b, o>&, Pabn, and P n are all known as a func- 
tion of time, then P' ta {q a bn) can be determined as a 
function of time. 

For a proper determination of F mb and a Fb it is 
necessary to know the magnitude and variance of 



the external noise f a at the location b. Predictions 
of f a over a wide range of frequencies and geogaph- 
ical locations were originally published by Crichlow 
et al. [16]. Revised predictions of f a are available 
in a recent report [17] of the Consulting Committee 
on International Radio (C.C.I.R.). Using the 
results in a recent paper by Cottony and Johler 
[18], values of f a may also readily be determined for 
cosmic radio noise simply by dividing their equiva- 
lent blackbody temperatures by 288.48. It should 
be noted that f a will usually be somewhat dependent 
upon the receiving antenna directivity and the 
published values of f a quoted above correspond to 
reception on a short vertical electric antenna in 
references [16] and [17] and to reception on a hori- 
zontal half-wave electric dipole in [18]. 

It is, of course, possible to determine the instan- 
taneous distribution of the transmission loss by 
combining the short term and long term fading 
distributions, and a solution of this problem for 
the case of signals with a Rayleigh distribution over 
short periods of time and with a log-normal dis- 
tribution of hourly medians has been given by 
Garner MeCrossen [19]. However, it is usually 
more convenient to follow the procedure described 
above and absorb the effects of the short term fading 
distribution into the required signal-to-noise ratio. 

To the degree that efficient use is made of the 
radio spectrum, interference from other radio stations 
rather than noise will often limit the effective range 
of the desired station, it is convenient in formu- 
lating this problem to consider initially the inter- 
ference caused at receiving location b as a result of 
the operation of another system including a trans- 
mitter at c and a receiver at d. This special case 
will then be extended to determine the interference 
between additional pairs of stations and ultimately 
to a mobile or other broadcast type of system. 
If we write r u for the minimum median-signal to 
median-interference power ratio at the terminals 
of the receiving antenna which will provide a given 
grade of reception of a desired signal with appro- 
priate allowance for the modulation characteristics 
and the short term fading characteristics of both 
the desired and undesired carriers, then we find 
that the criterion for the absence of interference at 
the receiving location b from the undesired trans- 
mitter at c may be expressed 



l^ob J^ab\^ta * tc-^-^w 



(70) 



In the above R U =10 logi r u ,L ab , and L cb denote the 
hourly median values of the transmission loss at the 
time in question for the paths ab and cb, respectively, 
while P' ta and P\ c are the powers radiated from the 
transmitting antennas at a and c, respectively. Now 
let L mcb denote the long term median value of Z c6 , 
a Lcb its standard deviation while p abcb denotes 
the correlation coefficient between the variations of 
L ab and L cb . Now we may determine from the 
following equation the percentage of the hours 
q abc at a given time of day, season of the year and 
phase of the sunspot cycle, during which reception 
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of a given grade or better is possible at station b 
of signals from station a on the assumption that the 
effects of all other sources of interference may be 
neglected excepl that from the station at c: 

(vlb + Vcb— 2pa& c &o-^o- c& ) 1/2 X(0.01g a&c ) 

— ^mcJ -L / mab\~ P ta P tc ^w (J 1) 

For the efficient use of the radio spectrum it is 
most important to notice that the percentage of 
hours q abc free of interference from the undesircd 
station at c depends on the ratio P' ta —P' tc of the 
desired and undesired station powers, whereas the 
percentage of hours q abn free of interference from 
noise depends only on P' ta . 

An expression is also required for the percentage 
of hours q cd& of satisfactory reception of station c 
at station d on the assumption that the effects of 
all other sources of interference may be neglected 
except that from the station a: 

(^cd + ^ad — ^Pcdad^cd^ad) 1/2 H0.01q cda ) 

~Pmad PmcdV*- tc t ta -**«• ('2) 

Now suppose that q abc and q cda are both suffic- 
iently large (say greater than 99%) so that satisfac- 
tory service would be available in both systems 
except for the effects of noise, i.e., suppose that 
q abn is less than 99 percent and that q cdn is possibly, 
but not necessarily, also less than 99 percent. 
In this case we should, if this is feasible, increase 
P' ta until # a &w^>99 percent. However, if this is done, 
it may cause interference to the reception of station 
c by station d since q cda will be decreased by an in- 
crease in P' ta unless P' tc is increased in the same 
proportion so that P't c —P' ta remains constant. 
The above argument is easily extended to any num- 
ber of station pairs, and thus we have shown that 
a net improvement in the use of the spectrum for a 
given geographical configuration of radio stations 
can always be obtained by increasing the power 
of all of the stations by the same number of decibels 
until the power of each of the stations is adequate 
to reduce the level of the noise well below the level 
of the interference caused by the other stations. 
In practice there will be an economic limit above 
which such horizontal increases in station power 
are no longer feasible. When this limit is reached, 
then still further improvement of the use of the 
spectrum can usually be obtained by allocating 
additional stations or, in the case of a broadcast 
or mobile service, by reducing the spacing between 
the existing stations until the interference between 
them is comparable to the interference from noise. 

The above analysis is, of course, only qualitative; 
thus, for example, some types of service might have 
to be available for much more than 99 percent of 
time. Nevertheless the principles of efficient alloca- 
tion described above appear to be universally appli- 
cable and it is concluded that a satisfactory allocation 
of facilities to any portion of the spectrum can be 
considered to exist only when it is impossible to find 



a geographical location at which radio noise, rather 
than radio signals, may be observed. It also follows 
from the above discussion that an efficient allocation 
of broadcast stations necessarily implies the existence 
of large areas in which there will be mutual inter- 
ference between the stations since otherwise it would 
be possible to observe radio noise, rather than radio 
signals, in these interference regions. 

Equations (69), (71), and (72) are strictly appli- 
cable only when a single source of interference, identi- 
fied by the last subscript on q, is present at the re- 
ceiving location which is identified by the second 
subscript on q. A formal method of extending 
these results to the case where several sources of 
interference are present with comparable magnitudes 
at the receiving location was suggested in [1] and the 
use of this method for studying broadcast station 
allocations was described in a paper by Norton, 
Staras, and Blum [20]. However, because of the 
complexity of the above formal solution, it is seldom 
used in practice. Instead, it is usually more practical 
to consider that a receiving location is satisfactorily 
free of interference provided the values of q for all 
of these sources of interference arc each independently 
larger than some predetermined value, say 99 percent. 

It is of interest to see how the above interference 
analysis would be applied to the allocation of broad- 
cast stations. In the first place it seems clear that 
the maximum economically feasible transmitter 
power and antenna height should be used so as to 
overcome the effects of noise for each station over the 
widest possible area. Having fixed the transmitter 
power and antenna, height the stations should then 
be located near enough together so as to minimize 
the areas between the stations where noise may be 
observed free of radio signals. In fact, studies have 
been made [21] which indicate that there are optimum 
separations between broadcast stations with a fixed 
power; when the stations are located on a regular 
triangular lattice these optimum separations are 
quite large but, in the practical case of irregularly 
located stations, their optimum spacing will be much 
smaller and will be smallest in the case of isolated 
pairs of stations. 

Variations of Path Antenna Gain With Time 
in Ionospheric Scatter Propagation 

During recent years extensive measurements have 
been made at the Central Radio Propagation Labora- 
tory on several long transmission paths in the United 
States, Canada, and Alaska of the system loss for 
the ionospheric scatter mode of propagation. Some 
of these measurements were reported in detail in 
a paper by Bailey, Bateman, and Kirby [22]. In 
this section a further analysis will be given of some 
of the data obtained by Bailey, Bateman, and Kirby 
on the Fargo- Churchill path. 

The measurements were made in the following way. 
At the Fargo end of the path, the transmitter power 
was switched every half hour alternately to a high 
gain rhombic antenna and to a half -wave dipole 
antenna, both at the same height above the ground. 
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At the Churchill end of the path, continuous record- 
ings were made of the signals from Fargo as received 
simultaneously on a high gain rhombic antenna and 
on a half-wave dipole antenna, both at the same 
height above the ground. For odd half hours, meas- 
urements were thus available of the half-hourly 
median system losses L rr and L rh , and for even half 
hours measurements were available of the median 
system losses L hr and L hh , where the first subscript 
denotes the transmitting antenna while the second 
subscript denotes the receiving antenna. The half- 
hourly median path antenna power gain correspond- 
ing to the use of a half-wave dipole antenna on the 
transmitting end of the path and a rhombic antenna 
on the receiving end of the path may now be de- 
termined from: 



ft 



pphr~ 



Z -L'hr ■^'MT"4.3. 



(73) 



In the above the term 4.3 is the assumed path an- 
tenna gain between the two loss-less half-wave di- 
poles. On the assumption that the system loss does 
not vary appreciably over a period of 1 hr, it is also 
possible to estimate the half-hourly median path 
antenna power gain corresponding to the use of 
rhombic antennas on both ends of the path from 



G ~L 

Upprr = - Lj n 



-L M +4.3, 



(74) 



where L rT and L hh denote the values of these median 
system losses in successive half -hour periods of time. 
Only these latter values are analyzed here and in 
what follows we have set G pprr =G pp , L rr = L s and 
L nh —4:.3 = L b . The observed cumulative distribu- 
tions of G pp , L s and L b as thus defined are given on 
figure 5 for a 3-day period in February 1952. Note 
that each of these three observed quantities appears 
to be a sample from a normal distribution, and on 
this assumption we find the following sample sta- 
tistics: 6^=25.71 db, <r G pp= 5.85 db, L s = 176.75 db, 
0-^=6.98 db, Z 6 =202.75 db, and a Lb =2A7 db. The 
values of L s and G pp are highly correlated, the cor- 
relation coefficient determined from this sample 
being p= — 0.94. On the assumption that L s and G vp 
are normally distributed, the random variable 
L b ^L s -\-G PP will also be normally distributed with 
expected mean L be =L s -\-G pp =202A6 db and ex- 
pected variance <j 2 Lbe = <j 2 Ls + o-% pp +2 P o- Ls o- G p P = (2.48) 2 . 
Note that these values are in good agreement with 
the values of the mean and variance of L b determined 
directly from the sample. 

It is seen from the above analysis that the variance 
of the system loss for ionospheric scatter propagation 
increases with an increase in the path antenna gain. 
There is some evidence that this may not be the 
case for tropospheric scatter propagation. For ex- 
ample, Bullington, Inkster, and Durkee [33] meas- 
ured the variance of 505-Mc and 4090-Mc tropos- 
spheric forward scatter over the same path using 
28-ft parabolic reflectors in both cases, and thus 
with much higher gain on the higher frequency, and 
found an actually smaller variance for the 4090-Mc 
transmission losses. 
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Figure 5. Measurements of L 8 , Lb, and G pp for the Fargo- 
Churchill ionospheric forward scatter path on Feb. 15, 16, 17, 
1952; d=824 statute miles, f=49.7 Mc. 

10. Transmission Loss for Tropospheric For- 
ward Scatter and Ground Wave Propa- 
gation 

As was pointed out in an earlier paper [1] the 
concept of transmission loss is especially appropriate 
for describing forward scatter propagation, and this 
idea was developed in some detail in a recent paper 
by Norton, Rice, and Vogler [12]. Recently the 
author showed [23, 24] that the {rj\ )Ki (r/\ ) correlation 
function could be used for describing the physical 
nature of atmospheric turbulence and that its use, 
together with an assumed exponential dependence 
of the gradient of refractive index with height, pro- 
vides a theory of tropospheric forward scattering in 
good agreement with the available data over a wide 
range of distances, frequencies, and antenna heights. 

Recently, Bean and Thayer [25] developed several 
model tropospheric atmospheres which depend only 
upon the single parameter, N s the value of the refr ac- 
tivity at the surface of the earth, i.e., (n s — 1)-10~ 6 
where n s is the refractive index at the surface. In 
the present paper use will be made of the particular 
Bean and Thayer model in which N decreases linearly 
with height for the first kilometer above the surface, 
and exponentially with height above 1 km, having 
scale heights dependent on N s for the height range 
from 1 to 9 km but having a fixed scale height above 
9 km. Figure 6 compares the trace of radio rays in 
these model atmospheres for the typical values of 
N s =250, 301, 350, and 400 and for several initial 
angles o of departure. 

Using results of this kind, it is possible to use the 
methods of geometrical optics to calculate the 
groundwave fields expected in such atmospheres at 
points well within the horizon and to use the method 
described below for points beyond the horizon; it is 
then easy to join these curves and obtain a solution 
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Figuee 6. Comparison of rays in the 1958 CRPL reference refr -activity atmospheres with those for an earth with no atmosphere and 

an effective radius a e = 5,280 statute miles (a e /a = ^/3). 



for the groundwave fields expected for such atmos- 
pheres at any distance and for any antenna height, 
furthermore, using the methods outlined in [23] and 
24] and to he described more fully in a paper [26] to 
3e published in this Journal in the near future, the 
tropospheric forward scattered fields may be cal- 
culated. Figures 7, 8, and 9 arc examples of the 
median basic transmission loss for the groundwave 
and for the tropospheric scatter modes of propaga- 
tion over a smooth spherical earth as calculated in 
this way. Allowance was made at the higher fre- 
quencies for atmospheric absorption by using the 
results of Bean and Abbott [27]. On figure 8 the 
first two oscillations of the field caused by interference 
between a direct and ground-reflected wave are 
shown for d = 10 and 20 miles, but for the other dis- 
tances only one oscillation is shown. The six points 
of field maxima are shown for all of the distances as 
circled points. Note that the total number of max- 
ima to be expected (as a function of range for a given 
height or as a function of height at a given range) 
for a particular antenna height is equal to the number 
of half -wavelengths contained in this height; in the 
present example 30 ft contains 6 half-wavelengths 
at 100 Mc. 

It is well known that approximate allowance may 
be made for the effects of radio refraction in the 
troposphere by calculating the fields for an earth 
with no atmosphere but with an effective radius a e 
determined by 



* =fl /[ 1+ £(i).} 



(75) 



where a is the actual radius, n s is the value of the 
refractive index at the surface and (dn/dh) s is the 
gradient (usually negative) of the refractive index 
at the surface. We will see that it is a simple matter 
to calculate the transmission loss L at or beyond the 
horizon for a horizontally homogeneous model at- 
mosphere in terms of the transmission loss L e ex- 
pected for an earth with no atmosphere but with an 



effective radius a e . Figure 10 illustrates the geom- 
etry of this more general method of making allow- 
ance for the effects of atmospheric refraction on the 
transmission loss between antennas at a and at b. 
If the index of refraction is specified as a function of 
height above the surface in such a way that ray 
tracing methods [25] may be used for establishing 
the trajectory of the ray, and such a restriction will 
rule out very few atmospheric models that are likely 
to be proposed, then it is possible to calculate for 
such atmospheres Ahi and Ad x as a function of the 
height hi and to calculate Ah 2 and Ad 2 as a function 
of the height h 2 . Figures 11 and 12 show Ad and Ah 
versus h for the above-described Bean and Thayer 
model atmospheres for iV,=250, 301, 350, and 400, 
i.e., for a e =4878.50, 5280, 5896.66, and 6996.67 
statute miles, respectively. It may be noted that 
these particular model atmospheres have discon- 
tinuities in their gradients at 1 km above the surface 
and at 9 km above sea level, but these discontin- 
uities cause no difficulties since we have used ray 
tracing methods based on geometrical optics. Note 
that the use of geometrical optics is preferable in 
this particular application; thus the use of a rigorous 
wave treatment of the problem would probably 
have lead to false conclusions since the actual at- 
mosphere cannot have such abrupt discontinuities 
in its gradient. 

If n were assumed to have a constant gradient 

(dn/dh) = —n s ( ) at all heights (as determined 

by solving (75) for (dn/dh) s and then assuming that 
this surface gradient is the same at all heights), then 
it is easy to show for such an atmosphere that the 
distance to the radio horizon from a height h is 
given by 

d=a e arc cos [a e /(a 6 -\-h)]^2a e h (76) 

The approximation in the above is valid when h is 
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Figure 7. Median basic transmission loss for the groundwave and tropospheric scatter modes of propagation over a smooth spherical 
earth; over land <r=0.005 mhos/m, e = 15; horizontal polarization; transmitting and receiving antennas both 30 ft above the 
surface. 
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Figure 8. Median basic transmission loss for the groundwave and tropospheric scatter modes of propagation at 100 Mc over a 
smooth earth in the 1958 CRPL reference refractimty atmosphere with N 8 = 50i; horizontal polarization over land; one antenna 
at 30 ft and the other antenna at the heights indicated. 
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Figure 9. Median basic transmission loss for the graundwave and tropospheric scatter modes of propagation over a smooth earth 
in the 1958 CRPL reference refractivity atmosphere with N e =301; horizontal polarization over land; one antenna at 500 ft 
and the other antenna at 30 ft above the surface. 



sufficiently small. Since our model atmosphere has 
just such a linear gradient for the first kilometer 
above the surface, we see why Ah and Ad on figures 
11 and 12 are equal to zero for heights h less than 1 
km. At larger heights we see by figure 6 or by fig- 
ures 11 and 12 how the distance to the radio horizon 
gradually departs from (76) in the model atmos- 
pheres which are much better approximations to the 
actual atmosphere than the assumption of a linear 
gradient at all heights. 

Since the radio waves travel near the surface over 
that part of the path (of length d s on fig. 10) between 
the radio horizons, it is intuitively clear that their 
propagation will be affected only by the refractive 
index gradient at the surface, and thus this portion 
of the propagation will be independent of the other 
characteristics of the atmosphere. Thus it is clear 
that only those portions of the propagation path 
from the antennas to their radio horizons are affected 
by that part of the atmosphere much above the sur- 
face, and these can be treated by the methods of 
geometrical optics. In this way the following rela- 
tions are determined for evaluating the transmission 
loss L(d,hi,h 2 ) between the points a and b in the 
model atmosphere over an earth of radius a in terms 
of the transmission loss L e expected for an earth 
with no atmosphere but with an effective radius a e : 



L(d, h l9 h 2 )=L e (d, h[, h 2 ), 



(77) 



where 

h[=hi—Ahi and h' 2 =h 2 —Ah 2 
or 

L(d, h u h 2 )=L e (d', h l} h 2 ) -10log 10 (d' Id) (78) 

where 

d'=d+Ad x +Ad 2 

Equation (77) was used for determining the median 
basic transmission losses for the groundwave as 
shown on figure 8; essentially these same ray tracing 
methods were also used for determining the scatter 
losses shown on figures 7, 8, and 9, but in this case 
they were used also for tracing the rays up to the 
scattering region as well as for tracing the rays from 
an antenna to its radio horizon. 

J. R. Wait, in a paper to be published shortly, has 
provided a rigorous basis for our intuitive develop- 
ment of (77) for sufficiently high frequencies and for 
model atmospheres in which the variation of the re- 
fractive index with height is monotonic. 

Millington independently derived the above- 
described method of allowing for the effects of re- 
fraction in a horizontally homogeneous atmosphere, 
and suggested a formula for adjusting groundwave 
field strength similar to (78) but omitting the inverse 
distance factor 10 logi (d'/d) which is usually neg- 
ligible [28]. 

The groundwave curves in the C.C.I.R. Atlas [29] 
have been prepared using the approximately-linear 
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Radio Horizon Ray 
in the Model Atmosphere 




Figure^ 10. Geometry illustrating the corrections Ad and Ah in the ray deviations between a model atmosphere and a sphere with no 

atmosphere but with an effective radius equal to a e . 
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Figure 11. Correction Ah to the heights of the radio horizon 
rays in the 1958 CRPL refr activity atmospheres relative to the 
heights they would have for spheres with no atmosphere but 
with effective radii a e . 
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Figure 12. Corrections Ad to the distances to the radio horizon 
rays in the 1958 CRPL refr activity atmospheres relative to the 
distances they would have for spheres with no atmosphere but 
with effective radii a e . 
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Eckersley profile n 2 =l — ?7 + ca 2 /(a+A) 2 for which the 
effective radius is given by a e —an 2 s l(l — rj) and for 
which the distance to the radio horizon is given by 
(a a e ) 1/2 arc cos \a/(a-]-h)]. This horizon distance 
differs only slightly from that given by (76) for the 
atmosphere with a linear gradient, but it is necessary, 
for extremely high antennas, to use values of Ad and 
Ah obtained for an appropriate reference atmosphere 
if accurate results are to be expected. The ground- 
wave curves in the present C.C.I.R. Atlas do not 
extend to sufficient heights to require much adjust- 
ment for nonlinearity of the atmosphere, but the 
curves in a recent atlas prepared for a linear atmos - 
phere at the Radio Research Laboratories in Japan 
[30] extend to sufficient heights so that a small ad- 
justment will be required. It is perhaps desirable 
to emphasize that these S3'Stematic corrections for 
atmospheric bending are not likely to be important 
in most practical applications, but it is aesthetically 
more satisfying and occasionally might be important 
to have a precise solution to this interesting problem. 
Figures 7 and 8 give the values of median basic 
transmission loss separately for the diffracted ground - 
wave and for tropospheric scatter. If we assume 
that the short term variations in the scatter fields 
are Rayleigh distributed, and that the groundwaves 
are relatively steady over short periods of time, then 
we may determine the expected combined median 
basic transmission loss L bm in terms of the diffracted 
wave basic transmission loss L bd and the median 
basic scatter transmission loss L bms as follows : 



L bm =L bd — 2?(0.5), 



(79) 



where K=L bd —L bms + 1.592 is the ratio in decibels 
of the average scattered power to the diffracted wave 
power, and R(0.5) is given graphically and in tables 
in [9]. When K is less than —16.5 db, L bm differs 
from L bd by less than 0.1 db, and when K is greater 
than 19.5 db, L bm differs from L bms by less than 0.1 
db. 

Finally, to determine the expected values L b (p) 
not exceeded by p percent of the hourly medians 
during a year, we may simply subtract V(p, 6) as 
given on figure 13 from L m as calculated from the 
values given on figures 7 or 8 or as given directly on 
figure 9. The parameter 6 is the angular distance [12] 
and, over a smooth spherical earth, is given by 



6= 



d s d—d 1 —d 2 



(80) 



where d x and d 2 are the distances to the horizons in 
the model atmosphere. The angular distance is a 
particularly convenient parameter for making appro- 
priate allowance for the effects of irregularities in 
the terrain as is explained more fully in [12] and [26] 
and the curves on figure 13 may be used for a rough 
earth as well. 



1 1 . Range of Tropospheric Forward Scatter 
Systems 

As an example of the method of using transmission 
loss in systems design, the problem of estimating the 
effective maximum range of a radio relay system 
using tropospheric scatter is considered. As an 
illustration of typical ranges to be expected, we will 
assume that the terrain is smooth, and will base our 
predictions on the above-described Bean and Thayer 
[25] model atmosphere with iV s =301. We will 
assume that either two 28-ft or two 60-ft parabolic 
antennas are used at both ends of the path, with 
their centers 30 ft above the ground and connected 
in a quadruple diversity system. With these 
assumptions, we may use the methods described in 
the preceding section to determine the transmission 
loss, i(99), which we would expect one percent of 
the actual hourly median transmission losses to 
exceed throughout a period of 1 year; the use of 
these one percent losses implies that the specified 
service will be available for 99 percent of the hours. 
Tables 1 and 2 give for the 28-ft and 60-ft antennas 
the free space gains G t -\-6 ry and the path antenna 
gains as a function of frequency and distance, while 
tables 3 and 4 give i(99) as a function of frequency 
and distance. 

The transmitter power P t required to provide a 
specified type and grade of service for 99 percent of 
the hours may be obtained from the equation 

P t =P: a (M%)+L t =L t +L(9$)+R n +F+B-204, 

(79) 

where L t is the loss in the transmitting antenna 
circuit and this is set equal to 1 db in the following 
calculations. P' ta (99%) may be determined from 
(69) and this is equal to the right-hand side of (79) 
since we will assume that the effective receiver noise 
figure has the constant value F=5 \ogiQf Mc — 5 so 
that a Fb =0 and L(99)=Z ma6 +(Tjr, a& X(0.99); it is as- 
sumed that the receiver incorporates gain adequate 
to ensure that the first circuit noise is detectable. 
i?=10 logio(& +#m) is the effective receiver band- 
width factor with b and b m expressed in cycles per 
second; b allows for the drift between the trans- 
mitter and receiver oscillators, while b m allows for 
the band occupied by the modulation. 

For the calculations in this paper, the transmitter 
and receiver oscillators were each assumed to have 
a stability of one part in 10 8 and to vary independ- 
ently so that b =^2 /mc*10~ 2 . Table 5 gives the 
values of b m assumed for the various types of service 
considered. Table 5 also gives the values of E n for 
the various kinds of service on the assumption that 
quadruble diversity is used. The value of B n for 
the FM multichannel system is expected to provide 
a service with less than an 0.01 percent teletype 
character error rate. The FM multichannel system 
consists of 36 voice channels, each of which can 
accommodate sixteen 60 words per minute teletype 
circuits. The values of B n given in table 5 were 
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Table 1. Path antenna gain for 28-ft parabolic antennas 30 ft 
above a smooth spherical earth with a CRPL model radio re- 
fr activity atmosphere corresponding to N s = 301 
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72.12 


71. 22 


70.42 


69. 22 


67. 92 


67. 32 


67.22 


1,500 


80.07 


78.32 


76.57 


75.87 


74. 27 


72.57 


71.67 


71.57 


2.000 


85.06 


82.48 


80. 66 


79. 26 


77.16 


75.46 


74.36 


73. 86 


3,000 


92.11 


87.71 


84.21 


83.41 


80.91 


78.51 


77. 61 


77.31 


5,000 


100. 98 


93.28 


90.18 


87. 68 


84.68 


82. 18 


81.28 


80.98 


7,000 


106. 83 


96.53 


92. 83 


90. 03 


Mi. SH 


84.12 


83.33 


82. 93 


10, 000 


113. 02 


99.32 


95.22 


92. 52 


89.02 


86.02 


85.22 


84.92 



Table 2. Path antenna gain for 60-ft parabolic antennas 
30 ft above a smooth spherical earth with a CRPL model 
radio refr activity atmosphere corresponding to N 8 = 301 





Gt + Gr 


G P 


/Mc 




















rf=100 
mi 


150 


200 


300 


500 


700 


1,000 




db 


db 


db 


db 


db 


db 


db 


db 


100 


46. 26 


46. 16 


40. 16 


46.06 


45. 86 


45.46 


45. 26 


45.16 


150 


53. 31 


53.21 


53. 11 


52.91 


52.51 


52.11 


51. 56 


51.48 


200 


58.30 


58. 10 


57. 90 


57. 60 


57. 00 


56. 30 


55. 90 


55. 86 


300 


65. 35 


64. 95 


04. 45 


63. 95 


62. 85 


62. 05 


61. 70 


61.90 


500 


74.22 


73.22 


72.67 


71.02 


70. 22 


68.72 


68. 12 


68.12 


700 


80.07 


78.37 


77.07 


75.87 


74.17 


72. 57 


71. 67 


71. 57 


1,0j0 


86. 26 


83.46 


81. 46 


79. 96 


77.86 


76.26 


75. 01 


74.66 


1,500 


93.31 


88.51 


85.91 


84.01 


81.51 


79.11 


78.21 


77.81 


2, 000 


98. 30 


91.70 


88.80 


86. 60 


83.70 


81.10 


80.20 


79.80 


3,000 


105. 35 


95.75 


92.25 


89.65 


86. 35 


83.55 


82.85 


82.45 


5,000 


114.22 


100. 02 


95.62 


92.92 


89.52 


86.52 


85.62 


85. 42 


7,000 


120.07 


102. 37 


97.87 


94.97 


91.17 


88.22 


87.57 


87.07 


10,000 


126. 26 


104. 56 


99.96 


96.66 


93.06 


90.06 


89.26 


88.76 



500980—59- 
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Table 3. Transmission loss L{99) {corresponding to fields 
exceeded 99 percent of the time) expected between two 28-ft 
parabolic antennas at a height of SO ft above a smooth spherical 

f earth with a CRPL model radio refractivity atmosphere 
corresponding to N s =301 



L(99) in decibels 





dmi 


fMo 


















100 


150 


200 


300 


500 


700 


1,000 


100 


163 


167 


170 


182 


208 


233 


277 


150 


157 


162 


165 


177 


201 


226 


270 


200 


153 


158 


161 


173 


197 


222 


266 


300 


148 


153 


157 


169 


193 


217 


260 


500 


143 


149 


153 


166 


190 


214 


256 


700 


140 


147 


151 


165 


189 


213 


254 


1,000 


138 


145 


150 


164 


188 


213 


252 


1,500 


136 


145 


149 


165 


189 


213 


254 


2,000 


136 


144 


150 


166 


190 


214 


256 


3,000 


136 


148 


152 


168 


193 


218 


258 


5,000 


138 


149 


156 


173 


199 


223 


264 


7,000 


140 


153 


161 


180 


207 


231 


272 


10, 000 


148 


163 


174 


196 


224 


248 


289 



Table 4. Transmission loss L(99) (corresponding to fields 
exceeded 99 percent of the time) expected between two 60-ft 
parabolic antennas at a height of 80 ft above a smooth spheri- 
cal earth with a CRPL model radio refractivity atmosphere 
corresponding to N 8 =301 



£(99) in decibels 



fMo 


d = 100 
mi 


150 


200 


300 


500 


700 


1,000 


100 


150 


154 


157 


169 


195 


221 


264 


150 


144 


149 


152 


164 


188 


214 


257 


200 


140 


145 


148 


161 


185 


210 


254 


300 


135 


141 


144 


158 


182 


206 


249 


500 


131 


137 


142 


155 


180 


204 


246 


700 


127 


136 


140 


155 


179 


204 


245 


1,000 


127 


135 


140 


156 


180 


205 


244 


1,500 


126 


136 


141 


157 


182 


207 


248 


2,000 


126 


136 


142 


159 


184 


209 


250 


3,000 


128 


139 


145 


163 


188 


212 


253 


5,000 


131 


143 


151 


169 


195 


219 


260 


7,000 


134 


148 


156 


176 


203 


227 


268 


10,000 


142 


158 


170 


192 


219 


244 


285 



determined by methods given in a recent report by 
Watt et al. [31]. The value of R n for the FM multi- 
channel system corresponds to typical fading en- 
countered at 1,000 Mc, and this value of E n may 
change by a few decibels with frequency as the fading 
changes, but such changes have so far not been 
evaluated quantitatively; furthermore, E n will also 
change as the fading changes from hour to hour. 

Table 6 gives as a function of frequency the maxi- 
mum permissible hourly median transmission loss 
for a transmitter power of 10 kw: L M =204:+P t — 
L t —R n —F—B corresponding to the kinds of service 
described above. By combining the information in 
tables 3, 4, and 6, we can estimate the maximum 
range for a quadruple diversity system with 10 -kw 
transmitters. These ranges are shown on figure 14 
as a function of the radiofrequency. 







Table 5 




Type of service 


Cm 


tf° 


Signal bandwidth 


Post detection 

signal-to-noise 

ratio 




cps 



3, 750, 000 

150, 000 
3, 750, 000 


db 

b 

9.5 

26.5 
32.7 


cps 



db 


measurement. 

FM multichannel 
system. 

FM music 


36 voice channels 
each capable of 
use for sixteen 
60 words per 
min teletype 
circuits. 

15,000 


0.01% teletype 
character 
error rate. 

50.° 


U.S. standard tele- 
vision. 


3,750,000- 


30.° 



a Ratio between the median intermediate frequency Rayleigh distributed 
signal and the rms Rayleigh distributed noise. 

b Diversity reception not involved in this case. 

c This ratio will be exceeded with a quadruple diversity system for 99 percent 
of each hour for which the corresponding value of R n is maintained in each 



Table 6. Maximum permissible transmission loss Lm for 
10 kw transmitters using the parameters of table 5 



fMc 


Transmission 
loss measure- 
ment 


FM multi- 
channel 


FM music 


U.S. standard 
television 


100 


236. 50 
233. 85 
231.98 
229. 34 
226. 01 

223. 82 
221. 50 
218. 85 
216. 98 
214. 34 

211.01 

208. 82 
206. 50 


162. 76 
161. 88 
161. 26 
160. 37 
159. 27 

158. 54 
157. 76 
156.88 
156. 25 
155. 37 

154.27 
153. 53 
152. 76 


159. 74 
158. 86 
158. 23 
157. 35 
156. 25 

155. 51 
154. 74 
153. 86 
153. 23 
152. 35 

151.25 
150. 51 
149. 74 


139. 56 


150- . 


138. 68 


200 _ 


138. 06 


300— 


137. 17 


500_._. 


136. 07 


700 


135. 34 


1,000 


134. 56 


1,500 


133. 68 


2,000 


133. 05 


3,000 


132. 17 


5,000 


131. 07 


7,000 


130. 33 


10,000- 


129. 56 



ffi 1.000 

_J 
2 700 

UJ 

i- 
jE 500 

g 400 

g 300 

< 

* 200 

| 150 
x 
1 100 

100 200 300 500 700 1,000 2,000 3,000 5,000 7,000 10,000 

FREQUENCY, MEGACYCLES PER SECOND 

Figure 14. Maximum distance at which satisfactory service of 
the types indicated may be provided for 99 percent of the hours 
using 10 kw. transmitters and quadruple diversity; smooth 
spherical earth; N 8 =301; h t = h r =30 ft; atmospheric absorp- 
tion and rain attenuation typical of the Washington, D.C., 
area. 
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